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Coaxial (Co-Ax) Cable 
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Microstrip (etc.) 


SN 
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Rugged, refable, ready to ship, custom lengths on request! 


High-quality data requires high-quality cables — an 
different models to meet diferent needs, Min-Oradts Precision 
Test Cables havn been designed with our 4D ysars of industry 
expenence in mind, and tested beyond any others on the 
market. Ie why wo can beck them with en unprecedented 
B-month guarantee,” and customers can save lime and 
money with fewer false rejects and less retesting 


Flex Test™ Our standard, iricie-stuetcieci CBL cables. are so 
tough, we had to vent a new way 10 test an 
Flex. Tast". Even after morn then 20,000 fex cycles. 
these cables deliver unimparred periornance kom 
DC-18 GHz. ideal tor design labo or tect bencrws, 
thay ro available in lengths up to 25 fect with SMA or 
N-type cormactore 


Quick Lock For highspeed production efficiency and superar 
sera Á mechanics peribeminos, our OBL cables am 
the answat Just push tem onto a Sandan female 
SMA connector and mide the collar forward to lock 
You" get proven nigh-integrity OC 18:2 connectors, 
ever afer 20,000 fux and 20,000 mating Gett 


Armored For harsh, abusive. outdoor anviYonmantis, our APC 
cables can't be beat, Even 1,000 crush cycles wm à 
4404 nitrogen tank had minimal effect attamuenon 
increased only 0.15 dB, wote return bes in/out 
remained #20 dB hom DC-18 GHz. N-type 
connectors ere standard. with lengtha from 6 
to 15 feet in stock 


Our new 40 GHz cables am proven "vough 20,000 fex 
cycles, and are Med wilh tugh-pertormance connectors that 
mate with K*- and SMA-equipped DUTs. Standard lengths 
ranga tram 1.5 feet to 2 meters 


Low Loss For desa work requinng lang cable nuna ot whenever 
Ka-band dréi strength: is kay, our KBL-LOW 
cables ore ideal. insertion lues m only 2.46 gaim 
at 40 GHz, with á velocity ratio of 64% 


Phase Stable When phase stability is a concem, as m many 
high-frequency production testa, try out KBL-PHS 
caties. They offer a phase change =0.1"/GHr 
when wrapped a Tull tum around a I° diameter 
manchet. and a stúsiding effeotivenass of 110 ai 


O AFE compran 


See miúcircuttu.com for cable lengths, specifications, partormance data, and surprisingty tow prices! 
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(d) Strip line Lei Microstrip line 
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a AD 
CE 


Cross section 


Coaxial line 


Generator Load 


Thévenin Equivalent 


Sending-end 
pott 


Receiving-end 
pott 


I 

I 

I 

l 

Transmission line RL i 
I 

[ 

I 


Generator circuit load circuit 


Van pa Vs g! IQ sddition To plese dela delay 
— Tines ch bt 12, oss, 
(prose delay) distersion d Refle Hons, 


Kinda Like W= ak T © 


ya ya ya ya 
0 AGO > O « | 
0 


(b) Differential sectionseach zlong 


R' L' Kz L R' L' R' L' 


rbl a pen ;— | 
(c) Each section is represented by an equivalent circuit Note: nor Me only 
(Lumped-element circuit model) A A 
mode], bur the 
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(a) Coaxial line (b) Two-wire line (c) Parallel-plate line 
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insulating material between the conductors. (3) Rs = y If He Joc. (4) uc and o; pertain 


to the conductors. (5) If (d /2a)? > 1, then In [(4/2a) + /(d/2a)? — 1] = In(d/a). ÍR URNA Pendent Y 
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Exercise 2.1 Use Table 2-1 to compute the line parameters of a two-wire air line 
whose wites are separated by a distance of 2 cm, and each is | mm in radius. The 
wires may be treated as perfect conductors with G, = oo. 


Solution: Two-wire air line: Because medium between wires is ait, €= £o, p= po. 


and o = 0. 
Pp" -| 
En 7.85 x [D œ L 


m 
Mo? imo Wa 


g = ah; a = Í mm, 0. = co 


1/2 
Tj Hc 
r, = |=] =o 
G. d PE 
SCHER (3) | 
T 2a 2a 
(22) [8 2) | 
= | ————— ] In 14 a =1 
T 2 
Pa =4x 10-7 In[10 +99] = 1.2 (Hóm). 
3 


Bä TEO | 7 x 8.85 x 10712 


va, der d Wir" 


R'=0 
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9.29 (pF/m). 
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Dispersionless line 
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Short dispersive line 
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ée 
R | Long dispersive line 
Different frequency components of a signal 
travel at different speeds and undergo different 
attenuations as they travel down the line 


Hmmm... it’s not AC, so how can we use phasors ??? 


Reflection 


N iz, f) N+1 i(z+Az, f) 
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v(z , f) r C’Az v(z + Az, f) 
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Lloyd Espenschied and 
Herman A. Affel“, (ca. 1949] 


“ Filed 15! patent for coaxial cable [1929] 


Transmission lines transmit energy and signals 
from a source (generator) to a load 


Distinguishing characteristics of a transmission 
line: 


- the devices to be connected are separated by 
distances comparable to or larger than the signal 
wavelength 


- the parameters of the circuit are distributed and 
are evaluated on a per-unit length basis: 

R' — resistance per unit length, Q/m 

L' — inductance per unit length, H/m 

G' — conductance per unit length, S/m 

C' — capacitance per unit length, F/m 

- transmission lines are circuit elements that have 


complex impedances, which are functions of line 
length and signal frequency 


TEM transmission lines 
- two-wire line 

- coaxial cable 

- parallel-plate line 


generator transmission line load 
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Transmission Line Equations 


(a.k.a. Telegrapher’s Equations) ) 
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In general, a transmission line can support two 
traveling waves, an incident wave [with voltage and current 
amplitudes ( ^e K )] traveling along the +z-direction (towards 
the load) and a reflected wave |with (Vo Lo )| traveling along 
the —z-direction (towards the source). 


Www 
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Chagacreistic Impedance 
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Exercise 24 A two-wire air line has the following line parameters: R’ = 0.404 

c >, (mom), E = 20 (HAN), G' = 0, and C' = 5.56 (pF/m). For operation at 5 kHz, 

À eo determine (a) the attenuation constant &, (b) the phase constant B, (c) the phase 
velocity 4p, and (d) the characteristic impedance Zo. 


Solution: Given: 


R'=0.404(mQ/m), | G'—0, 
E! = 2.0 (uH/m), C' — 5.56 (pF/m). 


Oops Í FORSOT the Dar 4 (w = 2g) 


Note: final numerical 


—3 3 —6 , 3 —12411/2 answers are fine 
= He Í [(0.404 x 107? + j5 x 10? x 2 x 107“)(0+ j5 x 10? x/5.56 x 107?)] \ potez 
= Re[3.37 x 1077 + ¿1.05 x 1074] 
a=3.37x 107"  (Np/m). 


(a) 
a = He ([(R' + a + jwa! 


om 2nx5x10 


(c) “= B = bð ya 3 x 10° (més). 


(b) From part (a), 
B= Im { [(R' + Jae tja)? 


= 1.05x 107* (rad/m). 


d Free 

_ 0.404 x 107? + j5 x 10 x 2 x 1075 
3.37 x 10-7 + j1.05 x 10-4 

= (600 — j2) Q. 


Table 3. Comparing [Zo] for 
a variety of transmission 
lines at 14 MHz.* 
|... Z9| (Ohms) 


Frequency (MHz) nu | 


2 twists 
3 twists 


4 twists 


5 twists 


2 twists 
3 twists 
4 twists 
5 twists 
3 twists 
4 twists 
5 twists 
3 twists 


4 twists 


5 twists 


For coaxial cables the characteristic impedance will 
be typically between 20 and 150 ohms 
(the ones you use in Lab are 50 ohms). 


The length of the cable makes no difference 
whatsoever in regard to the characteristic impedance. 
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General case 


(R! + jon) 
(G' + ¡0C?) 
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Y= VIR jo NG FJ) =o} Z= 


Lossless a=0, P= OvVE&fc up = eje = VLC! 
LN = G! =0) 


Lossless coaxial | & = 0, B= oye: /e 


Zo = (60/ /&)In(b/a) 
Zo = (120/ /&) 


up = ef fec 
Lossless up = cf Af 


two wire : In[(d/2a) + Y (d/24)? — 1] A zi 
Zo © (120/ JE.) In(d/a), 
ifd >a 


Nore: na is MT 
ES las 


a Luncri on o+ 


Grena " Zo = (120x/ ve.) (d/w) 
parallel plate 


Notes: (1) u = Ho, € = E:to, e=1i//woto, and 4/H0/€0 ~ (1201) Q, where €, is thg 
permittivity of insulating material. (2) For coaxial line, a and b are radii of inner and outer g 
(3) For two-wire line, a = wire radius and d = separation between wire centers. (4) For 
line, w = width of plate and d = separation between the plates. 
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| Example 2-3: Reflection Coefficient 
of a Series RC Load 


A 100-Q transmission line is connected to a load consisting 
of a 50-Q resistor in series with a 10-pF capacitor. Find the 
reflection coefficient at the load for a 100-MHz signal. 


Solution: The following quantities are given (Fig. 2-13): Transmission line A 
Ry — 50 Q, Cy = 10 pF — 1071 E, 
E L p Ri 50 Q 
: Zo = 100 Q 
Zo = 100 Q, f = 100 MHz = 10° Hz. CL == 10 pF 
Th load impedance is 
normalized — Á I 
_ ZL _ RL j/(wCL) 
u Zo iu Zo C ZA — l 
l ; | #41 
È 100 27 x 108 x 10-11 | 0.5— j1.59-1 
‘ = (0.5 — j1.59) Q. 0.5 — ¡1.59 + 1 


—0.5 — ¡1.59 — —1.67e5?2-0° 
1.5— j1.59 — 2.19e-/46.7? 


This result may be converted into the form of Eq. (2.62) by 
replacing the minus sign with e /!8°°, Thus, 


T = 0.76271193* ¿7518 _ 0,7607 — 0767-07. 


= —0.76e/ 1193". 


Or 


|| = 0.76, 9, = —60.7°. 
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Exercise 2.10 A 140-Q lossless line is terminated in a load impedance 
Z = (280+ j182) Q. If À = 72 cm, find (a) the reflection coefficient T, (b) the voltage 
standing-wave ratio S, (c) the locations of voltage maxima, and (d) the locations of 
voltage minima. 


Solution: 
Z=1400, ` Z=(280+j182) Q 
(a) (a) IV@l versus zi 
E 
414 T ; 
_ 280+ j182—140 _ 140+j182 _ He ya = MAX in th e 
2804 j182 4140 — 420+j182 — å 
j j Ær. Sr MAY N 4 Wave 15 
CATE 8 
WEST 1-05 os "^ located ¡mE ORA 
(c) fom di d 
"P ; {Rom e load. 
Ve? kee = Gets n=0,1,2,... m 
e (Cp _ (9x/180)x0.72 nx 0.72 CR SS less shes 
aa iq —(2.9.-36m) (cm, | n—0,L2,.. 
E 


"HE 
— [294 36n) + z cm 


= (20.9 4- 365) cm, n=0,1,2,... 


WTF? 


Example 2-6: Measurin g Z With a SlIotted. Line 
Next, we use the condition given by Eq. (2.71) to find 6,: 


Sliding probe 
To detector — 


Probe tip Slit 28dmin — Or = 7. for n = 0 (first minimum), 


which gives 


6; = 2Bdmin — 7 
107 


= 2 RE“ VS 0. 2—7 
x 3 x 0.1 T 


Solution: The following quantities are given: 


= —0.27 (rad) 


Zo = 50 YA - —369. 
S = 3, Hence, 
din = 12 am. 
sima Delt? 
Since the distance between successive voltage minima is À/2, 
= 0.5073 
Aas 3 x03=O6Mm, a 
= 0.405 — j0.294. 
and " e 10 
B = T = = = A (rad/m). Solving Eq. (2.59) for ZL. we have 
From Eq. (2.73), solving for |I | in terms of S gives 4r 
$] 2=Z0| ¡5 | 
= == 
SHI 50 | + 0.405 — 70.294 
3-1 ~~~ | 1 — 0.405 + j0.294 


` 34] i 
= (85 — 7167) 2. 
= 05. | ES — JB | 


EXAMPLE (8) 


CIRCLE (TRUE or (F)ALSE* 
5) Zois only defined for lossless transmission lines. T F 
6) You do not have to treat a 6 foot long power cord as a transmission line. T F 


3) Given a lossless transmission line of known intrinsic impedance, phase speed and length, can you 
determine the load impedance from measurements of the input impedance? Explain. 


http://www.amanogawa.com/archive/transmissionA.html 


http://www.naic.edu/reu program.html 
http://www.haystack.mit.edu/edu/reu/ 
http://www.csnr.usra.edu/ 
http://www.unl.edu/summerprogram/ 
http://www.vs.afrl.af.mil/SpaceScholars/ 
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Example 2-7: Complete Solution for viz, t) 
and i(7, f) 


A 1.05-GHz generator circuit with series impedance Zg = 10 Q 
and voltage source given by 


velt) = 10sin(wr + 30°) (V) 


is connected to a load ZL = (100 + j50) 8 through a 50-2, 
67-cm long lossless transmission line. The phase velocity of 


li 


the line is D. Ze, where e is the velocity of light in a vacuum. 
Find v(z, t) and i(z, 1) on the line. 


[ Solution: From the relationship up — Af. we find the| 
wavelength 


u 
i= 
f 
_ 0.7 x 3 x 108 
~ 1,05 x 109 
= 0.2 m, 
and 
2x 
læ — I 
B À 
à 
= Z x 0.67 


= 6.71 = 0.7x = 126°, 


where we have subtracted multiples of 27. The voltage 
reflection coefficient at the load is 


r= ZL — Zo 
Zi + Zo 
_ (100 + 50) — 50 
~ (100 + 50) + 50 
= 04567959 | 
LLP 
Zam (1t) 
1 + Te? 
= Zo (Ss) 
1 — Feri? 


| + 0.45¢/76.6" ¿252 
e pr -019-j174) 0. 
dÉ Zammer EF | = 219+ j17.4) Q 


Rewriting the expression for the generator voltage with thi 
cosine reference, we have 


ug(t) = IO sin(wt + 30°) 
= 10 cos(90° — wr — 30?) 
= 10 cos(wr — 60°) 
=Re[ 10074 eit) = et Daela) (V). 


Hence. the phasor voltage Ve is given by 


V = 100710" 


z1029* (V) 


Application of Eq. (2.82) gives 


"RN (ar) 
D Ze + Zin Leif + pe7JPI 
[1067/9 (21.9 + j17.4) 
10+219+ j174 
(e 4. 0,4565200" 47/129) 1 
=10.2 — (V). 


Using Eq. (2.63a) with z = —d, the phasor voltage on the line 
is 


Vid) = Vg (eti A re PA) 
= 10.2e)1 (eP? 4 0,4565200 eI), 


and the corresponding instantaneous voltage v(d, 1) is 


vid, t) = Re Vid) ei] 
= 10.2 cos(wt + Bd + 159°) 


+4,55 cos(wt — Bd + 185.6°) (V). 


Similarly, Eq. (2.636) leads to 


Hd) = 0.200) 9” (JP — 045612660184), 


i(d, t) = 0.20 cos(wt + Bd + 159°) 
+ 0.091 costat — Bd + 185.67) (A). 
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Nefi 


E M "EP: " Exercise 2.11 A 50-Q lossless transmission line uses an insulating material with 
kamp 


g, = 2.25. When terminated in an open circuit, how long should the line be for its 
input impedance to be equivalent to a 10-pF capasitor at 50 MHz? 


Solution: Fora 10-pF capacitor at 50 MHz, Z,> 20 
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The Complete Smith Chart 
Black Magic Design 


Transmission line 


Generator 


Smith’s Chart 


What is Smith 5 chart? A graphical tool. 


Purpose of introducing Smith s chart: To avoid heavy math and speed up the process of 
analyzing and designing transmission line circuits. 


How is it constructed? On the basis of the reflection coefficient plane. 


T=[Me'* =T, + jT;, where T, =Re(T} and T; < mir 


Only a circle of radius 1 
has a meaning since Ir] <] 


Any point within the unit 
circle represents certain 
reflection coefficient. 


Smith’s chart works with 
normalized impedances 
and admittances: 


You CAN do it all with a computer of course... 
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If a generalized reflection coefficient at an arbitrary point on the 
transmission line is defined as T(z)=|F|e“ (9:253) then the normalized 
impedance at that point can be expressed through the generalized 
reflection coefficient the same way the normalized load impedance 1s 
expressed in terms of the reflection coefficient at the load: — 


-J2PZ 
P _ 1«T(z) EI 


Z, I1-re^?^ 1-T(2) 


This observation suggests that Smith's 
chart can be used to represent the 
impedance at any point on the line. 


The reflection coefficient along a particular 
transmission line maintains its magnitude; |: E Mr: | 

only its phase changes. Therefore, the [E GEI CLE 
normalized impedance at any point on the | um : 
transmission line must lie on a circle with 

radius la i 
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Also, it is obvious that the impedance on 
the line repeats itself every 4/2 length of 
the line. Therefore, the Smith chart 
represents a A/2-long section of a 
transmission line. 
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Examples: 


Determine the load 
impedance denoted by 
the red star on the 
chart if this load 
terminates a 50-Q 
transmission line. 


The point represents 

z = 0.4 — 0.8 

Then 

Zi = zj;Zg = 20- j40 Q 


relative position of the point of interest 


Example: 


Consider the load 
impedance from the 
previous example. 
Determine the impedance 
a 20 cm away from the load 


EA 
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II Rel. pos. load = 0.385 


LE 
#16 è " 
K e If the signal wavelength 
Ziele 
i > m . . 
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SS 
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relative position of the load 
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Example 2-11: Smith Chart Calculations 


3.32 is terminated 
(25 + j50) Q. 


A 50-Q lossless transmission line of length 


by a load impedance ZL 


0.1354 


0.62 43 


ra 


(d) 


0.1154. 


(0.25 — 0.1354 


Arnar = 


0.3651 


Amin = (0.5 — 0.135)A 


Zin 


(b) 


Zin = 0.28 — 70.40 


|-—— 3.311 


Zin = ZnZo = (0.28 — J0.40)50 = (14 — 720) Q 


Lecture 8 


NET 


This quilt was made by Cynthia Furse, a Professor in the Department of Electrical and Computer Engineering at Utah 
State University. She has her students sign when they have finished their MS or BS design projects. 
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on r, =0.40 circle and x, = —0.20 curve NS 
z —1 b 
3) 2——-045Z-153 K 
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SEET o ob Smith Chaar is 0,9 X 
to get T,, lei P > Za = 2.52 — j0.46 (to lower right of center) — Yellow Dot 


6) Un-normalize: Z, = (2.52 — j0.46)(300 Q) = (755 — 7138) Q 
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Impedance Matching 


+ 
Generator Transmission Load 
May nt have cont over Z L 


Use a matchin 
Network to Make Mis 


equal 7,9 


Examples ot Matching Networks 


Fecdline M 


2/4 transformer 


(b) In-series 4/4 transformer inserted at d = dmax or d = din 


vid; ) 
Feedline 


(c) In-parallel insertion of capacitor at distance dj 


Feedline 


(d) In-parallel insertion of inductor at distance dh 


vs ) 
Feedline 


(e) In-parallel insertion of a short-circuited stub 


Single-Stub Impedance Matching 


The power absorbed by the load is maximum (100% of the incident power) when 
the transmission line is matched, 1.e., the load impedance equals the characteristic 
impedance, Z, = Zp. 

Unfortunately, often Z, z 2; 

Fortunately, there are means to match the load to the transmission line via 
impedance-matching network. 

One of the possibilities 1s: 

Single-stub matching using a short-circuited section of a transmission line. 
Essentially, a short-circuited section of the same type transmission line as the 
feeding (main) line is connected in parallel to the main line at a position that is 
relatively close to the load. The point of connection and the length of the short- 
circuited stub can be chosen in such a way so that to ensure an input impedance 
Z(— d) = Z, of the matching network that contains the load. 


feeding 
line 


matching | 
network | 


nr 


The required two degrees of freedom are provided by the 
length | of the stub and the distance d from the load to the 
stub position. 


pes aa qmm | Solution: In Example 2-13, we demonstrated that the load 
=. n SES Matohing — can be matched to the line via either of two solutions: 


Repeat Example 2-13, but use a shorted stub (instead 


of a lumped element) to match the load impedance ` (td = 0.0634, and ys, = jbs = —j1.58, 


ZL = (25 — j50) Q to the 50-Q transmission line. 
(2) da = 0.207A, and yy, = jb, = j1.58. 


d 


| li = (0.34 — 0.25)A = 0.091 


. À di 
E S First intersection of 
Sè gi = | circle with SWR circle. 
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(b) Equivalent circuit 


Connector 


i z=0 z-position 
z=0 z-position P 


z-position 
Desire: Z „=R= 100 Q 


Schematic for Single Stub Match 


from 


source Zo Ba: 100 Q d 


Desire: Z,=R,=100Q 277% z-position 


* Go down to narrow-band impedance matching 


* Pay attention to frequency ranges of operation 
* Check out broad(er)-band, like tapered lines, etc. 


Schematic for QWT Match 


Desire: Z,,= R „= 100 Q 
Require: d,- d = 2/4 


* Go down to narrow-band impedance matching 


* Pay attention to frequency ranges of operation 
* Check out broad(er)-band, like tapered lines, etc. 
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(c) Voltage versus time at z= f/4 
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Example 2-15: Pulse Propagation 


The transmission-line circuit of Fig. 2-43(a) is excited by a 
rectangular pulse of duration t = Í ns that starts at t = 0. 
Establish the waveform of the voltage response at the load, 
given that the pulse amplitude is 5 V. the phase velocity is c, 
and the length of the line is 0.6 m. 


Solution: The one-way propagation time is 


T l 0.6 bn 
= — = zz = Z NS. 
c 3x108 


The reflection coefficients at the load and the sending end are 


n= E ei 
LR 4:20 ^ 1504450 


_ Rg— Zo 25-50. 


— = ——_—_.. = — 0.6. 
Rs +Zo 12.5+ 50 


Pg 


By Eq. (2.147), the pulse is treated as the sum of two step 
functions, one that starts at? = 0 with an amplitude Mun = 5 V 
and a second one that starts at ft = | ns with an amplitude 
Van = —5 V. Except for the time delay of | ns and the 
sign reversal of all voltage values, the two step functions will 
generate identical bounce diagrams, as shown in Fig. 2-43(b). 
For the first step function, the initial voltage is given by 


Vo Z 5 x 50 
Wr A E HE 


REZA 1S ` 


[,7-0.6 Tí =0.5 


— First step function 
----- Second step function 


(b) Bounce diagram 


t (ns) 


8 9 1011 12 


(c) Voltage waveform at the load 


Flashback: Lossy Transmission Lines 
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Zu 
(Antenna 1) 


Zin — Line 1 
B 


Generator 


ZL 75 Q 
(Antenna 2) 


* Why coax vs. 2 wire??? 
* What about multiple wire, various length, single ground plane??? 


* Scalar vs. Vectors 
...leads into next section (chapter); Vector Analysis!!! © 


2) The phasor voltage on a transmission line is found to be Ae". where y is the (complex) propagation 
constant. What is the voltage in the time domain? 


3) A given shorted stub behaves like an open circuit at 600 MHz. What is the closest frequency at which it 
behaves like a short (assuming constant phase speed)? 


4) (20 pts.) A given antenna can 
be represented by an equivalent 
load impedance of 100 - ¡50 Q 
We need to design a matching 
network in the configuration 
shown using lossless T-line 
(Zo=$0Q) The wavelength is 
known to be 100cm. 


à) What is the frequency of operation? If you can't specify. can you give me an upper or lower limit? 


f 


b) Given 4=12.5 em, find the impedance looking just into that d-lengthed piece of line terminated by Zr. 


Zi= 


c) Given Za, find the shortest length (/ of shorted stub that cancels out the reactance at point M. 


[= 


d) Assuming your matching efforts all work, what is the input impedance (Za) seen by the driving network? 


N 
8 
H 


31 Given a lossless transmission line of known intrinsic impedance, phase speed and length, can you 
determine the load impedance from measurements of the input impedance? Explain. 


